Introduction
============

The monoclonal antibody (mAb) rituximab (RTX) was the first antibody approved by the US Food and Drug Administration for the treatment of cancer,^[@bib1]^ and has been successfully incorporated into therapeutic standards for aggressive and indolent non-Hodgkin\'s lymphomas.^[@bib2],\ [@bib3]^ Moreover, recent trials show that the addition of RTX to fludarabine-based chemotherapy improves complete response rates and prolongs progression-free survival, and, when given first-line, also improves overall survival.^[@bib4],\ [@bib5]^

RTX is a genetically engineered chimeric murine-derived mAb (immunoglobulin G1) that recognizes CD20 on the surface of normal and malignant B cells.^[@bib6]^ Even though RTX has become a standard of care for a wide range of B-cell malignancies, the precise biological modes of action in humans have not been fully clarified.^[@bib2]^ Antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) are considered to be the main antitumor effects of RTX.^[@bib7]^ Several studies propose antibody-dependent cellular cytotoxicity as the most critical effector mechanism of RTX *in vivo*.^[@bib8],\ [@bib9],\ [@bib10]^ In contrast, it was shown that the therapeutic activity of RTX was completely abolished in mice lacking C1q, whereas it was not affected in mice depleted of NK cells, neutrophils or T cells, demonstrating that complement activation is fundamental for RTX efficacy *in vivo*.^[@bib11]^ A study involving 21 CLL patients revealed that patients who failed to clear CLL cells from their blood after RTX therapy showed an increased expression of CD55 and CD59, indicating that, in particular, complement-resistant cells evaded RTX treatment.^[@bib12]^ The complement system consists of multiple plasma proteins with effector function, soluble regulatory proteins and cell surface-anchored proteins with receptor or regulatory functions.^[@bib13]^ Activation of the complement system results in the destruction of cells by CDC.^[@bib14]^ To prevent the potentially harmful effect of complement activation on normal cells, several fluid-phase and membrane-bound regulators of complement activation (RCAs) have evolved to restrict activation at different levels of the complement cascade.^[@bib15]^ Similar to normal host cells, tumor cells express and bind RCAs to evade complement attack.^[@bib16]^ Thus, although therapeutic antibodies are strong triggers for complement activation and complement deposition on tumor cells has been demonstrated, the efficacy of complement-mediated mechanisms may be diminished.^[@bib16]^ With CD55 and CD59, two membrane-anchored RCAs (mRCAs) have been identified as having a role in the protection of non-Hodgkin\'s lymphoma cells or CLL cells against complement attack (CD55^[@bib17]^ and CD59 on tumor cells does not predict clinical outcome after RTX treatment in follicular non-Hodgkin\'s lymphoma^[@bib18]^). CD55 (decay-accelerating factor) binds to C3b and C4b, thereby accelerating the decay of C3 and C5 convertases.^[@bib19]^ CD59 targets late steps of the complement cascade and inhibits the lytic ability of the membrane attack complex.^[@bib20]^ Besides these mRCAs, fluid-phase complement inhibitors, such as factor H (fH),^[@bib19]^ might also account for the resistance of CLL cells to antibody-induced CDC. There is evidence that various primary tumors (breast cancer, prostate cancer, lung cancer) and tumor cell lines (H2 glioblastoma cells, small-cell lung cancer cells) evade CDC, either by expressing fH or by binding it to their cell surface (genetic variations^[@bib21]^ and disease associations^[@bib22],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^). Complement fH is a soluble, single polypeptide-chain glycoprotein regulator (155 kDa) of the complement system that is present in the plasma at a concentration of 0.235--0.81 mg/ml (genetic variations^[@bib21]^ and disease associations^[@bib27]^). fH has several modes of action: it binds C3b competitively to factor B, thereby inhibiting formation of the alternative pathway C3 convertase; it accelerates the decay of C3 and C5 convertases; and it acts as a cofactor for the factor I (fI)-mediated proteolytic cleavage of active C3b into inactive C3b (iC3b).^[@bib28]^ fH is composed of 20 short-consensus repeat (SCR) domains.^[@bib29]^ Detailed structure--function studies revealed distinct functional regions in the fH molecule. The complement regulatory activity is located within the N-terminal SCRs 1--4,^[@bib30]^ whereas the C3b and glycosaminoglycan binding sites are located within SCR7 and the C-terminal SCRs 19--20.^[@bib29],\ [@bib31],\ [@bib32],\ [@bib33],\ [@bib34]^

For this study, we generated human fH-derived recombinant SCR18--20 (hSCR18--20), representing a main binding domain of fH. Here, we show that by replacing fH from the surface of primary CLL cells with hSCR18--20, cells were sensitized to RTX-induced CDC. Furthermore, we determined the relative contribution of fH, CD55 and CD59 to the protection of malignant B cells against CDC. Taken together, our results indicate that fH is a main component of the resistance of CLL cells to CDC, and thus affects the efficacy of RTX in CLL therapy.

Materials and methods
=====================

Recombinant SCRs
----------------

Human complement fH-derived proteins hSCR16--17 and hSCR18--20 were produced recombinantly and characterized as described in the [Supplementary Material](#sup1){ref-type="supplementary-material"} and Materials and methods section.

Isolation of primary CLL cells
------------------------------

This study was approved by the Ethics Committee of Innsbruck Medical University. Patient characteristics are summarized in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. Heparinized peripheral blood from therapy-naive CLL patients was obtained at the Department of Hematology and Oncology, Innsbruck Medical University (Innsbruck, Austria), after receiving informed consent. Peripheral blood mononuclear cells (PBMCs) were separated on a Ficoll gradient (GE Healthcare, Vienna, Austria) and cultured overnight in RPMI 1640 medium (Gibco, LifeTech Austria, Vienna, Austria) supplemented with 10% fetal calf serum (Gibco) and glutamine (Gibco). Cells were stimulated with 0.5 μg/ml lipopolysaccharide (Sigma, St Louis, MO, USA). The B-cell fraction of PBMCs was on average 87% as determined by flow cytometry, measuring the frequency of CD20-expressing cells (data not shown).

Flow cytometry
--------------

Mouse anti-human CD55 (clone IA10) and mouse anti-human CD59 (clone p282) monoclonal Abs were purchased from BD Pharmingen (Heidelberg, Germany). PBMCs were incubated with Abs against human CD55 or human CD59 for 30 min at 4 °C. After washing, cells were stained with fluorescein isothiocyanate-conjugated polyclonal goat anti-mouse immunoglobulin G. In addition, detection of CD20 expression was performed by incubating cells with RTX for 30 min at 4 °C. After washing, cells were stained with fluorescein isothiocyanate-conjugated rabbit anti-human immunoglobulin G. Samples were analyzed on a FACS Canto II cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

CDC assay
---------

PBMCs (2 × 10^5^ cells) were mixed with RTX at a concentration ranging from 1 to 100 μg/ml in the absence or presence of hSCR18--20 (1200 μg/ml), hSCR16--17 (1200 μg/ml), monoclonal mouse anti-human CD55 (blocking: clone HD1A; non-blocking: clone 1A10) or CD59 (blocking: clone MEM43; non-blocking: clone P282; all 10 μg/ml). Neutralizing antibodies HD1A and MEM43 were a generous gift from Dr C Harris (Cardiff University School of Medicine, Cardiff, UK). According to the experimental design, antibodies and recombinant proteins were applied either alone or in different combinations. Pooled normal human serum (NHS; derived from six healthy individuals) or heat-inactivated normal human serum (hiNHS) was added in a 1:4 dilution. Samples were incubated for 1 h at 37 °C. Following incubation, propidium iodide (PI) staining was performed to exclude dead cells. Finally, PI-negative viable cells were measured by counting these cells for 60 s at a constant flow rate on a FACS Canto II cytometer. One hundred percent survival was defined by counting viable cells in samples from CLL patients containing hiNHS only. The survival rates were calculated according to the formula: percent survival=100% survival × count of viable cells in treated sample/count of viable cells in hiNHS control sample. CDC assay was also performed with the fibroblast cell line BHK-21 and epithelial cell line Colo-699.

To further investigate the selectivity of lysis, PBMCs from a CLL patient and PBMCs from a healthy donor were mixed to obtain a heterogeneous cell suspension with balanced T- and B-cell populations. The CD3^+^ T-cell and CD19^+^ B-cell fractions were identified by flow cytometry. The mixture was incubated with RTX in the absence or presence of hSCR18--20 (1200 μg/ml) under standard conditions (25% NHS or hiNHS, 1 h at 37 °C). Before flow cytometric analysis, cells were stained with allophycocyanin-Cy7-conjugated anti-human CD3 (clone HIT3a) (BioLegend, Vienna, Austria) and allophycocyanin-conjugated anti-human CD19 (clone HIB19) (BioLegend). PI-negative viable cells were counted in the CD3^+^ T-cell and the CD19^+^ B-cell gates, respectively. The survival rates for both populations were calculated with reference to the hiNHS control. Alternatively, mixed CDC assay was performed with CLL cells and polymorphonuclear neutrophilic (PMN) leukocytes isolated from pellets of Ficoll centrifugation derived from peripheral blood of healthy donors. Erythrocytes were removed by hypotonic lysis. Purified PMN suspensions contained \>90% of CD11b^+^ PMNs as determined by flow cytometry.

Western blot analysis for the detection of fH or C3 fragments
-------------------------------------------------------------

Western blot analysis was performed to investigate the binding of fH to CLL cells. For this, cells (2 × 10^5^) were incubated with NHS as a source of fH (25% final concentration) in the absence or presence of hSCR18--20 (1200 μg/ml). Following incubation, cells were washed two times with phosphate-buffered saline and the pellet was lysed. Cell lysates were analyzed on an 8% gel under reducing conditions. Following transfer, the blot was developed with a polyclonal goat anti-human fH (Quidel, San Diego, CA, USA) as first and a horse radish peroxidase-conjugated mouse anti-goat immunoglobulin G as a second Ab. Signals were visualized by ECL according to the manufacturer\'s instructions. To analyze the binding of hSCR18--20 to CLL cells and its effect on fH, CLL cells were incubated with different concentrations of hSCR18--20 in the presence or absence of human recombinant fH (10 μg/ml; Quidel). Western blot analysis was performed as described above.

To determine whether hSCR18--20 affects the fH-mediated processing of C3b fragments, CLL cells were incubated with RTX alone (20 μg/ml) or RTX combined with hSCR18--20 (1200 μg/ml). NHS (25%) was added as a source of complement. Control samples were performed by incubating cells with hSCR only or together with 25% hiNHS or NHS in the absence of RTX. The reaction was stopped after the indicated periods of time by adding 50 m[M]{.smallcaps} EDTA. Cells were washed two times and western blot was performed as described above, except that as a first Ab goat anti-human C3 Ab (Complement Technology Inc., Tyler, TX, USA) was used to detect the C3 fragments.

Statistical analysis
--------------------

Statistical analysis was performed using the GraphPad Prism software (La Jolla, CA, USA). The difference between CD20, CD55 and CD59 expression levels and effects of hSCR18--20 in comparison with RTX alone were determined by unpaired *t*-test. The dependence of CD20 expression levels and lysis rates was analyzed by means of Pearson\'s correlation. One-way analysis of variance was performed to evaluate the impact of hSCR18--20 and/or blocking antibodies alone and synergistically. To analyze the effect of blocking antibodies and hSCR18--20 as compared with their controls, a *t*-test for unpaired data was performed.

Results
=======

Displacement of fH by hSCR18--20 prolongs the presence of active C3b α′-chain on the surface of CLL cells
---------------------------------------------------------------------------------------------------------

To visualize the binding of fH by western blot analysis, CLL cells were incubated with NHS (1:4 dilution) as a source of fH in the absence or presence of hSCR18--20, as indicated in [Figure 1a](#fig1){ref-type="fig"}. To avoid CDC, no RTX was added. A distinct signal at 150 kDa was obtained from serum-derived fH (lane 1) that bound to CLL cells. As control, purified recombinant fH was applied to the gel (lane 3). In the presence of hSCR18--20, the fH signal was clearly reduced ([Figure 1a, lane 2](#fig1){ref-type="fig"}), indicating that the SCR interferes with the binding of fH to the cell surface. Owing to its cofactor activity, displacement of fH by hSCR18--20 might impair the fI-mediated inactivation of C3b on the cell surface. Thus, CLL cells were incubated with NHS in the presence of RTX with or without hSCR18--20 at different time points. As control hiNHS was used. After washing, western blot analysis was performed to detect C3-cleavage products deposited on the cell surface. After 1 min of incubation both 120 kDa α-chain and 75 kDa β-chain of C3 were clearly detected in all samples ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). After 5 min, both α~1~-chain of iC3b (68 kDa) and C3dg/C3d were detectable in the presence of both RTX and RTX/SCR18--20 owing to the processing of C3 upon complement activation induced by RTX ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). After 5 min of incubation, 110 kDa α′-chain of active C3b appeared in the presence of hSCR18--20 and was visible at least for 20 min of incubation ([Figure 1b](#fig1){ref-type="fig"}). In contrast, hardly any active C3b were detectable in the absence of hSCR18--20 and the presence of RTX, suggesting a rapid inactivation of C3b to iC3b ([Figure 1b](#fig1){ref-type="fig"}).

Further analyzing the displacement of fH by hSCR18--20 revealed a concentration-dependent binding of hSCR18--20 to CLL cells ([Figure 2a](#fig2){ref-type="fig"}), which resulted in a dose-dependent reduction of fH binding when fH ([Figure 2b](#fig2){ref-type="fig"}).

Recombinant hSCR18--20 enhances RTX-mediated CDC on primary CLL cells
---------------------------------------------------------------------

Next, we analyzed whether the reduction in fH binding sensitizes CLL cells and enhances CDC. For this, we performed CDC assays with freshly isolated PBMCs from 37 CLL patients. The B-cell fractions from patient samples were determined by flow cytometric analysis and ranged from 76 to 98%, with a mean of 87% (data not shown). CLL cells were incubated with increasing concentrations of RTX (1--100 μg/ml) in the absence or presence of hSCR18--20 under standard conditions (25% NHS, 1 h, 37 °C). We used 1200 μg/ml of hSCR18--20 in our experiments, as this concentration reached the highest efficacy in CDC assay ([Figure 2c](#fig2){ref-type="fig"}). Survival rates for CLL cells were measured after the addition of PI by flow cytometric analysis counting the PI-negative viable cells. First, we investigated the CDC of primary CLL cells induced by RTX. In line with previous observations,^[@bib18],\ [@bib35]^ we detected a concentration-dependent, varying sensitivity to RTX-induced CDC among the patient samples. At the maximum RTX concentration of 100 μg/ml, 29 out of 37 (78%) patients showed no or very poor RTX-induced CDC and were considered CDC non-responders (cutoff value of \<25% lysis; [Figure 3a](#fig3){ref-type="fig"}, open circles). Out of 37 samples, 8 (22%) CDC responders were identified, who showed lysis ranging between 27 and 66% at the highest antibody concentration ([Figure 3b](#fig3){ref-type="fig"}, open circles). Most importantly, addition of hSCR18--20 (1200 μg/ml) enhanced RTX-induced CDC in both CDC responders ([Figure 3b](#fig3){ref-type="fig"}, closed circles) and non-responders ([Figure 3a](#fig3){ref-type="fig"}, closed circles). This enhancement of RTX-mediated CDC by hSCR18--20 was significant at all RTX concentrations. Enhancement of RTX-mediated CDC of CLL cells by hSCR18--20 was most probably due to the reduced binding of fH to the cell surface, as hSCR16--17 representing fH-derived non-binding control domain did not influence RTX-induced CDC ([Figure 3c](#fig3){ref-type="fig"}). The assay was robust and highly reproducible; three independent experiments performed with samples from the same donor gave highly comparable results ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

Enhancement of RTX-mediated CDC by hSCR18--20 is specific to B cells
--------------------------------------------------------------------

Next, we proved the specificity of RTX-induced CDC. For this, PBMCs from a healthy donor were mixed with PBMCs from a CDC responder patient, resulting in balanced CD3^+^ T-cell and CD19^+^ B-cell fractions in the mixture ([Figure 4a](#fig4){ref-type="fig"}, dot plot). The CDC assay was performed under standard conditions as described above, except that before PI staining, cells were costained with allophycocyanin-conjugated mouse anti-human CD19 and allophycocyanin-Cy7-conjugated mouse anti-human CD3 mAbs. PI-negative viable cells were then counted in CD3^+^ T-cell and CD19^+^ B-cell populations. Compared with samples incubated in NHS alone, the counts for PI-negative viable cells in the CD19^+^ B-cell population were reduced in samples incubated with RTX. After treatment with RTX combined with hSCR18--20, CLL cells almost disappeared ([Figure 4a](#fig4){ref-type="fig"}). By contrast, the counts for PI-negative viable cells in the CD3^+^ T-cell population remained unchanged in all samples ([Figure 4a](#fig4){ref-type="fig"}). A similar pattern was obtained with three further patient samples ([Figure 4b](#fig4){ref-type="fig"}). Although in CDC assays the survival of CD3^+^ T cells was not influenced by RTX and hSCR18--20 ([Figure 4b](#fig4){ref-type="fig"}, gray bars), we measured a decrease in survival of the CD19^+^ B cells in the presence of RTX, which were significantly reduced when RTX was combined with hSCR18--20 ([Figure 4b](#fig4){ref-type="fig"}, black bars). Similar experiments were performed with isolated CD11b^+^ PMNs mixed with PBMCs from a CLL patient. Following the CDC assay, cells were costained with CD19 and CD11b mAbs before PI staining. PI-negative viable cells were then counted in CD11b^+^ PMN and CD19^+^ B-cell populations. Again, only marginal effects on the survival of PMNs in the presence of hSCR18--20 were found ([Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}). Furthermore, neither erythrocytes ([Supplementary Figure 4B](#sup1){ref-type="supplementary-material"}), the fibroblast cell line BHK-21 ([Supplementary Figure 4C](#sup1){ref-type="supplementary-material"}) nor the epithelial cell line Colo-699 ([Supplementary Figure 4D](#sup1){ref-type="supplementary-material"}) showed significant CDC in the presence of hSCR18--20 and RTX.

Sensitivity of CLL cells to CDC correlated with CD20, but not with CD55 or CD59, expression on CLL cells
--------------------------------------------------------------------------------------------------------

The amount of CD20 expressed on the cell surface was previously described to determine the CDC efficacy of RTX in various B-cell malignancies.^[@bib1],\ [@bib18],\ [@bib35],\ [@bib36]^ Thus, we analyzed the CD20 expression levels on CLL cells from all patients by flow cytometry. CD20 expression represented by the mean fluorescence intensity (MFI) was highly variable on CLL cells from the 37 patients and ranged from 3412 to 38 143 ([Figure 5a](#fig5){ref-type="fig"}). As compared with the CDC non-responder group, the expression of CD20 on CLL cells was significantly higher in CDC responder patients ([Figure 5b](#fig5){ref-type="fig"}). We found that at a concentration of 20 μg/ml RTX, CD20 expression on CLL cells correlated negatively with cell survival in CDC assays in the presence of RTX ([Figure 5c](#fig5){ref-type="fig"}). Moreover, CD20 expression on CLL cells showed a significant negative correlation with survival in CDC assays in the presence of RTX in combination with hSCR18--20 ([Figure 5d](#fig5){ref-type="fig"}).

mRCAs have been controversially discussed to affect the CDC efficacy of RTX (CD55)^[@bib17]^ and CD59 on tumor cells does not predict clinical outcome after RTX treatment in follicular non-Hodgkin\'s lymphoma^[@bib18],\ [@bib37]^). Therefore, we also analyzed the expression of CD55 and CD59 on CLL cells in the CDC responder as well as in the non-responder group. MFI and thus expression levels of CD55 and CD59 varied on CLL cells among the 37 patients ([Supplementary Figure 5A](#sup1){ref-type="supplementary-material"}). In contrast to CD20, no significant difference in the expression of CD55 ([Supplementary Figure 5B](#sup1){ref-type="supplementary-material"}) or CD59 ([Supplementary Figure 5C](#sup1){ref-type="supplementary-material"}) on CLL cells between the CDC responder and the non-responder group was observed.

Concerted action of fH and mRCAs in the protection of primary CLL cells against RTX-mediated CDC
------------------------------------------------------------------------------------------------

mRCAs have been previously described as important factors influencing CDC efficacy in various types of malignant B cells.^[@bib15],\ [@bib18],\ [@bib35],\ [@bib37],\ [@bib38]^ As fH has never been considered in this context, we next performed CDC assays in the presence of blocking anti-CD55 (HD1A), blocking anti-CD59 (MEM43) or hSCR18--20. Cell count of PI-negative viable CLL cells in the hiNHS sample was considered 100% survival. Survival rates for other samples were calculated according to this control. In the absence of RTX, treatment of cells with either hSCR18--20 or blocking antibodies did not influence survival in the CDC assay ([Figure 6a](#fig6){ref-type="fig"}, gray bars). Next, the enhancement of RTX-mediated CDC by HD1A, MEM43 or hSCR18--20 alone or in different combinations was investigated ([Figure 6b](#fig6){ref-type="fig"}). Whereas HD1A (anti-CD55) and hSCR18--20 significantly triggered RTX-mediated CDC of CLL cells, blocking of CD59 functions by MEM43 showed only a slight improvement in CDC. HD1A and hSCR18--20 showed a synergistic effect in the improvement of RTX-mediated CDC, as the combination of both resulted in a significantly increased effect as compared with that of HD1A or hSCR18--20 alone ([Figure 6b](#fig6){ref-type="fig"}). CDC assays using the isotype-matched but non-blocking CD55 (clone 1A10) and CD59 (clone P282) mAbs were performed to estimate the contribution of putative complement activation made by the Fc portion of the antibodies. As non-blocking CD55 and CD59 Abs did not improve RTX-mediated CDC of CLL cells ([Figures 6c and d](#fig6){ref-type="fig"}), the enhancement of CDC by the corresponding blocking Abs is related to their capacity to abrogate CD55 and CD59 regulatory functions, rather than to additional induction of complement activation by the Fc portion of the antibodies.

Discussion
==========

The crucial role of fH in the protection of malignant cells was shown for several tumor cell types, but has never been considered in the context of malignant B cells. For this reason, we investigated the impact of fH in the resistance of primary CLL cells to RTX-induced CDC. As shown by western blot analysis, fH binds to CLL cells. Binding was impaired in the presence of fH-derived hSCR18--20, indicating that the C terminus of fH is involved in this interaction. This was not surprising, because it is known that the C-terminal region of fH binds to polyanionic surface proteins such as glycosaminoglycans, which are often overexpressed on tumor cells.^[@bib21],\ [@bib22],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^ Whether different expression patterns of these negatively charged surface structures on CLL cells account for the observed responder or non-responder phenotype remain to be determined.

Here, we demonstrate that hSCR18--20 was able to break resistance and enhanced responsiveness to RTX-treated CLL cells from all patients tested. In addition, SCRs turned CDC non-responder into CDC responder phenotypes, and thus significantly improved the efficacy of RTX-mediated tumor cell lysis. Addition of hSCR18--20 to NHS and CLL cells in the absence of RTX had no effect on CDC induction. Thus, the biological response was not only dependent on the presence but also on the activation of complement. This is in line with our observation that CDC was specific for CLL cells. As RTX binds only to a minor population of T cells, which express CD20,^[@bib39]^ predominantly the B-cell fraction was lysed in the presence of RTX and hSCR18--20. In line, other cell types, that is, cells such as PMNs, erythrocytes, BHK-21 fibroblasts or Colo-699 epithelial cells, were not affected by the treatment with RTX and hSCR18--20.

Also, no direct RTX cytotoxicity was observed as indicated by cell resistance when hiNHS was used. This further indicates that active complement was the driving force for the clearance of the CLL cells in our experimental settings. Nevertheless, complement activation is tightly controlled by a rapid cleavage, and thus inactivation of C3b generated during complement activation, referred to as iC3b. The displacement of fH from the cell surface might affect this processing of C3. In its absence, the cofactor activity of fH for the fI-mediated cleavage of active C3b (α′-chain) into iC3b and C3d might be affected. Besides, impaired fH binding may reduce the decay of the convertases, which would also promote the formation of the lytic pathway and CDC induction. Thus, the mechanism behind the enhanced CDC by hSCR18--20 might be a prolonged stability of the active form of C3b. Indeed, active C3b, represented by the 110 kDa α′-chain in western blot analysis, was visible even after an incubation period of 20 min when hSCR18--20 was present. By contrast, in the absence of hSCR18--20, active α′-chain disappeared after 10 min, most likely indicating a rapid inactivation of C3b.

Although the complement is indispensable for the RTX-induced clearance of tumor cells in various mouse models,^[@bib10],\ [@bib40]^ the precise mode of action of RTX in humans is still not clear.^[@bib41]^ Besides CDC, antibody-dependent cellular cytotoxicity and CR3-dependent phagocytosis may have important roles in clearing CLL cells in RTX-treated patients,^[@bib41]^ which displayed a CDC-resistant phenotype and exhibited \<25% cell lysis. A similar refractory phenotype was also described by others, showing that only 6 out of 22 patient samples treated with RTX and complement had more than 10% cytotoxicity.^[@bib42]^ In contrast, therapeutic administration of fresh-frozen plasma as a source of complement enhanced the efficacy of RTX in CLL patients^[@bib43]^ with a treatment response of 72.7%.^[@bib44]^ Whether this clearance of CLL cells is due to enhanced lysis or CR3- or FcgR-dependent phagocytosis of tumor cells remains to be determined.

Susceptibility of RTX-treated CLL cells *in vitro* correlated with the expression levels of CD20, as has been shown by other groups.^[@bib36]^ In contrast to CD20, the expression levels of CD55 and CD59 had no impact on the susceptibility for CDC. Nevertheless, blocking of CD55 and CD59 identified these mRCAs as further regulators of CDC. This is in line with several publications showing that both CD55 and CD59 contribute to the resistance of various B-cell lymphomas such as CLL or follicular non-Hodgkin\'s lymphoma.^[@bib17],\ [@bib36],\ [@bib37]^ The minor contribution of CD59 observed in our experiments may be because of the use of various B-cell lines by other investigators, which may differ in their biological response from isolated primary patient material used in this study. In addition, the use of different Ab clones, which bind with various affinities to CD59, may contribute to apparent discrepancies between our study and published results. This may also explain conflicting observations by Qin\'s group, which showed enhanced CDC on RTX-sensitive RL-7 lymphoma cells and RTX-induced resistant RR51.2 cells^[@bib15]^ with ILYD4, a bacterially derived inhibitor of CD59.^[@bib45]^ Our data indicate that mRCAs and fH, a fluid-phase RCA, contribute to the protection of CLL cells against CDC. Although not directly comparable, as the mAb against CD55 and a peptide (i.e. hSCR18-20) bind with different affinities to cells, blocking of either CD55 or fH induced similar toxicity for the tumor cells. CDC was boosted by the simultaneous inhibition of both RCAs, implying a synergistic mode of action. The central role of fH as negative regulator of complement is further underscored by recent findings showing that a single-nucleotide polymorphism in the fH gene locus (rs1065489) is associated with event-free survival in patients with follicular lymphoma and B-cell lymphoma in patients under RTX therapy.^[@bib46]^ These results indicate that interindividual differences in fH binding may increase RTX-mediated complement activation and thus enhance susceptibility to CDC in a manner similar to that recently discussed for meningococcal infections.^[@bib47]^ Although we excluded a contribution of fH polymorphisms and concentrations by using the same serum pool of healthy donors in all our CDC assays, we cannot rule out that fH variability mentioned above may account for differences to RTX responses between individual patients *in vivo*.

Thus, besides the known mRCA CD55 and also CD59, the fluid-phase RCA fH has to be considered as an additional factor that affects the biologic response of B lymphoma cells to the efficacy of RTX *in vitro* and likely also *in vivo*. Owing to the high concentrations necessary to impair fH binding, the direct application of SCR18--20 is not feasible *in vivo*. With serum concentration of fH ranges from 0.235 to 0.81 mg/ml, a direct inhibition of fH by mAbs may also be hampered by high amounts of Ab needed to be effective. Thus, SCR18--20 has to be coupled directly to RTX, which may provide several advantages: (i) the low-affinity peptide would be shuttled by RTX specifically to CD20-expressing cells and compete with fH directly on the spot; (ii) when directed with high affinity of the therapeutic Ab preferentially to CLL cells, lower amounts of SCR might be needed; (iii) improved serum stability; (iv) owing to the increased efficacy, such a bifunctional RTX-SCR molecule may turn patients susceptible to the Ab therapy, which are refractory to RTX treatment. The feasibility of such a strategy has only recently been demonstrated by our group showing an improved complement-mediated virolysis when SCR18--20 was linked to a virus-specific Ab (Huber *et al*, submitted).

In summary, we have shown that in addition to CD55 and CD59, binding of fH is a relevant mechanism for the resistance of CLL cells to RTX-induced CDC. Inhibition of fH by means of recombinant fH-derived SCR18--20 molecules may be able to further ameliorate RTX-containing therapies in CLL, similar to other alternative approache,^[@bib48],\ [@bib49]^ and thus merits further investigation.
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![Displacement of fH from the surface of CLL cells by hSCR18--20 prolonged the presence of active C3b fragments. (**a**) To investigate the impairment of fH binding by hSCR18--20, CLL cells were incubated with NHS as a source of fH (lanes 1 and 2) in the presence or absence of hSCR18--20, as indicated. As control, recombinant fH was loaded on the gel in the absence of CLL cells (lane 3). hSCR18--20 clearly reduced the amount of fH binding to CLL cells. One of three independent experiments is shown. (**b**) Processing C3 fragments on the surface of CLL cells in the presence or absence of hSCR18--20 was investigated by incubating the cells with NHS in the presence of RTX with or without hSCR18--20 for different time points. Western blot analysis revealed that after 5 min of incubation, the 110 kDa α′-chain of active C3b appeared in the presence of hSCR18--20 and was visible at least for 20 min of incubation (lower panel). In contrast, nearly no active C3b fragments were detectable in the absence of hSCR18--20 in RTX alone.](leu2013169f1){#fig1}

![Concentration-dependent binding of hSCR18--20 to CLL cells displaced fH and subsequently resulted in a concentration-dependent enhancement of CDC. (**a**) Concentration-dependent binding of hSCR18--20 to CLL cells. CLL cells were incubated with different concentrations of hSCR18--20, and after washing lysate of the cell, the pellet was analyzed by western blot using polyclonal Ab against human fH. Figure shows one representative of three independent experiments. (**b**) Concentration-dependent displacement of fH by hSCR18--20. CLL cells were incubated with different concentrations of hSCR18--20 in the presence of human recombinant fH. Following incubation, cells were washed two times with phosphate-buffered saline, the pellet was lysed and the western blot was performed using polyclonal Ab against human fH. The figure shows one representative of three independent experiments. (**c**) Concentration-dependent enhancement of CDC in the presence of hSCR18--20. CLL cells were incubated with NHS and RTX in the presence or absence of different hSCR18--20 concentrations. PI-negative viable cells were determined by fluoresence-activated cell sorter. One hundred percent survival was defined by counting viable cells in samples from CLL patients containing hiNHS only. Data represent mean of three independent experiments. Error bars: s.e.m.](leu2013169f2){#fig2}

![fH-derived SCR18--20 reduced binding of fH to CLL cells and enhanced RTX-induced CDC. (**a**) Out of 37 patient samples tested, 29 CLL preparations (i.e. 78%) displayed a CDC non-responder phenotype, which was defined by a cutoff value of \<25% cell lysis (open circles) at the highest RTX concentration tested. Addition of hSCR18--20 improved CDC significantly (closed circles; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001) and turned non-responder into responder samples at the highest RTX concentrations tested in the assay. Circles: mean of 29 patients; bars: s.e.m. (**b**) In total, 8 of 37 patients were CDC responders with \> 25% cell lysis (open circles). Similar to the non-responder group, the presence of hSCR18--20 improved CDC (closed circles) in responder samples, resulting in the clearance of \>75% of CLL cells at the highest RTX concentration tested. Circles: mean of eight patients; bars: s.e.m. (**c**) CLL cells were treated in standard CDC assays with 20 μg/ml RTX in the absence or presence of hSCR18--20 or hSCR16--17, as indicated. The survival rate was 68.53% after treatment with RTX alone and was clearly reduced by the addition of hSCR18--20 (35.26), but not hSCR16--17 (65.33). The result (combined from three patients) was significant (*P*=0.0375). Error bars: s.e.m. NS, nonsignificant.](leu2013169f3){#fig3}

![Lysis induced by RTX and hSCR18--20 was restricted to B cells. A mixture of CLL PBMCs and PBMCs from healthy donors was treated in the presence of NHS with RTX or RTX and hSCR18--20 in CDC assays. After staining, CD3^+^ and CD19^+^ cell populations were analyzed by fluoresence-activated cell sorter. (**a**) A decrease in the amount of PI-negative viable (x axis) was observed after treatment with RTX in the CD19^+^ B-cell population. The combination of RTX and hSCR18--20 further reduced the viable B-cell population. In contrast, no shift was seen in the CD3^+^ T-cell population. Results show a representative patient sample. (**b**) Treatment with RTX or RTX combined with hSCR18--20 reduced survival rates for CD19^+^ B cells and killed 33% or 89% of the cells, respectively (dark gray bars). By contrast, CD3^+^ T cells were not affected (99% and 104% light gray bars). Survival rates were calculated with reference to the hiNHS control, which defined 100% survival. Error bars: s.e.m, *n*=3.](leu2013169f4){#fig4}

![CD20 expression level determined the susceptibility of primary CLL cells to CDC. (**a**) The MFI of CD20 was determined by flow cytometric analysis in all patient samples. The MFI of CD20 varied highly among the 37 patient samples, namely from 3412 to 38 143. (**b**) CD20 expression levels were significantly higher (*P*\<0.0001) in CDC responder patients (gray bar) than in CDC non-responder patients (black bar). The statistical analysis was performed by *t*-test for unpaired data. Bars: s.e.m. (**c**) Plotting the MFI of CD20 against the lysis induced by 20 μg/ml RTX showed a highly significant correlation (*P*\<0.0001). (**d**) Similarly, when the MFI of CD20 was plotted against the lysis induced by 20 μg/ml RTX combined with hSCR18--20, a significant correlation was obtained (*P*\<0.0001).](leu2013169f5){#fig5}

![Effects of hSCR18--20, HD1A and MEM43 on RTX-induced CDC of primary CLL cells administered alone or in combination. (**a**) Patient cells were treated with RTX in the absence or presence of blocking anti-CD55 (HD1A), blocking anti-CD59 (MEM43) or hSCR18--20 under standard conditions. Addition of HD1A and hSCR18--20 significantly enhanced RTX-induced CDC (29% and 24%, respectively), whereas the blocking of CD59 by MEM43 showed minor improvement (10%). Combination of HD1A and hSCR18--20 resulted in significantly enhanced effects as compared with the effects of each compound individually. Survival rates were calculated according to the hiNHS control, which defined 100% survival. Error bars: s.e.m, *n*=20. (**b**) Treatment of primary CLL cells with HD1A, MEM43 or hSCR18--20 and active complement in the absence of RTX did not induce CDC (gray bars), as compared with the NHS control (white bar, *n*=16). (**c**) Improvement of RTX-induced CDC by blocking anti-CD55 (HD1A) was significant (*P*=0.0019) in comparison to non-blocking anti-CD55 (*n*=7). (**d**) No significant difference between the blocking anti-CD59 (MEM43) and non-blocking anti-CD59 was observed (*n*=6). Survival rates were calculated according to the hiNHS control, which defined 100% survival. Error bars: s.e.m.](leu2013169f6){#fig6}
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